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L a s t  q u a r t e r  we repor ted  t h e  s p e c t r a  of i r o n  i n  several  
1 1 - V I  compounds and i n  Gap. We ind ica t ed  t h a t  s p e c t r a  of i r o n  can be 
i n t e r p r e t e d  on t h e  b a s i s  of s p l i t t i n g  of t h e  energy l e v e l s  of t h e  d 6 
conf igu ra t ion  by a weak c r y s t a l  f i e l d .  We w i l l  r e p o r t  t h e  s p e c t r a  of 
d i v a l e n t  i r o n  i n  CdS and i n  GaAs, t h e  s p e c t r a  of n i c k e l  i n  GaP and 
of c o b a l t  i n  CdTe, ZnTe, GaAs and GaP taken  a t  l i q u i d  helium temperatures .  
W e  w i l l  a l s o  r e p o r t  some genera l  conclus ions  concerning t h e  i n t e r p r e -  
n t a t i o n  of t h e  d conf igu ra t ions  i n  semiconductors.  
O p t i c a l  S p e c t r a  of Fe+2 i n  CdS. 
I r o n  was evaporated on both s u r f a c e s  of t h e  sample and 
d i f f u s e d  a t  1100 C f o r  24 hours. The abso rp t ion  spectrum of d i v a l e n t  
i r o n  i n  CdS i s  shown i n  F ig .  1. To exp la in  t h e  f o u r  peaks shown i n  
0 
Fig.  2 i t  i s  necessary  t o  take i n t o  account t h e  hexagonal s t r u c t u r e  
of CdS. Because of t h i s  s t r u c t u r e ,  t h e  s u l f i d e  i o n s  do not  coord ina te  
t h e  cadmium i o n s  or i r o n  ions  ( i r o n  s u b s t i t u t e s  f o r  cadmium [Ref. 13 ) 
i n  a r e g u l a r  te t rahedron ,  but exper ience  a s l i g h t  u n i a x i a l  d i s t o r t i o n  
along t h e  o p t i c  a x i s  of  t h e  c r y s t a l .  
t o r t i o n  can be represented  as an a x i a l  f i e l d  b i n  t h e  <111> d i r e c t i o n  
W e  are assuming t h a t  t h i s  d i s -  
and i s  weak compared with t h e  c r y s t a l  f i e l d  Dq and t h e  s p i n - o r b i t  
coupl ing  A L S (Dq >> h L S >> b). The s p l i t t i n g  of t h e  ground 
s t a t e  5E by sp in -o rb i t  coupl ing of t h e  second o r d e r  and by t h e  a x i a l  
f i e l d  i n  a all> d i r e c t i o n  is presented  i n  F ig .  3. The s p l i t t i n g  
- 1 -  
was c a l c u l a t e d  from matrix elements given by W. Low and M. Weger 
[Ref. 23. 
t ak ing  p l ace  is i n d i c a t e d  by arrows. Very good agreement w i t h  
experiment was obtained f o r  Dq = 280 c m  , A = -95 c m  and b = +70 c m  . 
The f i t  of t h e  l e v e l s  from which t h e  t r a n s i t i o n s  are 
-1 -1 -1 
O p t i c a l  S p e c t r a  of Fe+2 i n  G a s .  
~ ~ -~ 
I n  t h i s  s tudy ,  s i n g l e  c r y s t a l s  of G a A s  wi th  an e l e c t r o n  
concen t r a t ion  of n = 5 1017 cm-3 were used. 
116OoC f o r  24 hours.  
i s  shown i n  Fig.  4. The two sharp  peaks which appear  a t  t h e  l o w  
I r o n  was d i f f u s e d  a t  
The spectrum t aken  a t  l i q u i d  helium temperature  
energy s i d e  of t h e  spectrum are  connected wi th  t r a n s i t i o n s  from t h e  
two lowest l e v e l s  of t h e  ground s t a t e  5E. 
i n  t h e  prev ious  r e p o r t ,  w e  ob ta in  f o r  GaAs: 
By t h e  procedure descr ibed  
-1 
and h = -86 c m  . 
Dq = 319.5 c m  , 
-1 
The smaller va lue  of Dq compared t o  GaP i s  i n  agreement wi th  t h a t  
observed i n  1 1 - V I  compounds. C r y s t a l s  wi th  h ighe r  l a t t i c e  c o n s t a n t s  
have sma l l e r  va lues  of Dq. 
Conclusions.  
C r y s t a l  f i e l d  t h e o r y  i s  a b l e  t o  e x p l a i n  very  w e l l  
6 
indeed t h e  s p l i t t i n g  of t h e  g r a n d  s t a t e  5E of t h e  d 
i n  1 1 - V I  compounds and 1 1 1 - V  compounds. The f i n e  s t r u c t u r e  which a lways  
appears  i n  t h e  low energy s i d e  of t h e  spectrum r e f l e c t s  t h e  f i n e  
s p l i t t i n g  of t h e  5E l e v e l .  
c rys t a l  f i e l d  t h e o r y  g i v e  t h e  exac t  va lues  of Dq ( t h e  c r y s t a l  f i e l d  
s t r e n g t h  parameter) and A ( t he  s p i n - o r b i t  coupl ing  cons t an t  i n  t h e  
c o n f i g u r a t i o n  
The i n t e r p r e t a t i o n  on t h e  basis of 
- 2 -  
c r y s t a l ) .  
5T 
p red ic t ed  t o t a l  f i r s t  order sp in -o rb i t  s p l i t t i n g  of t h e  5T, l e v e l  
should be  5 I AI. W e  can  expect t h a t  wid th  o f  t h e  abso rp t ion  band 
connected w i t h  t h e  t r a n s i t i o n  5E -, 5T should be of t h e  same o r d e r ,  
n e g l e c t i n g  t h e  i n t e r a c t i o n  with phonons, The observed wid th  of 
t h i s  abso rp t ion  band i s  approximately lO(h)  (see Table  I) .  I n  
add i t ion ,  there i s  some unexplained s t r u c t u r e  on t h e  abso rp t ion  band 
i n  CdS: Fe and ZnSe: Fe. W e  found less of t h i s  s t r u c t u r e  i n  CdTe: Fe 
and ZnTe: Fe  and Gap: F e  and almost  none a t  a l l  i n  GaAs: Fe. 
The d e s c r i p t i o n  by c r y s t a l  f i e l d  theo ry  of t h e  upper l e v e l  
is  no t  as good as i t  i s  i n  t h e  case of t h e  ground l e v e l  5E. The 2 
The t w o  experimental  f ac t s  mentioned above can be 
caused by i n t e r a c t i o n  wi th  phonons, They a l s o  i n d i c a t e  t h a t  t h e  
o r b i t a l s  connected w i t h  t h e  
bonding o r b i t a l s  than  t h e  ones connnected w i t h  t h e  5E s ta te .  
t h e  p o i n t  charge  model developed by a c r y s t a l  f i e l d  theo ry  does n o t  
t a k e  i n t o  account such i n t e r a c t i o n s ,  w e  cannot  expec t  an e x a c t  agree-  
ment w i t h  experiment.  The t r a n s i t i o n  E -.) 5T i n  a molecu la r -o rb i t a l  
t heo ry  (3) i s  connected wi th  t h e  t r a n s f e r  of  one e l e c t r o n  from t h e  
e - o r b i t  t o  t he  t -orbi t :  (t3e3 -.) t e 1. 
toward l i g a n d s  so one can expect a h ighe r  deg ree  of i n t e r a c t i o n  w i t h  
CJ bonding orb i ta l s  t h a n  i n  t h e  c a s e  of e-orbi ta ls  which are no t  
d i r e c t e d  toward l igands .  
on t - o r b i t a l s  and t h r e e  on e-orbitals)  w i l l  be better desc r ibed  by a 
c r y s t a l  f i e l d  t h e o r y  than  t h e  5T s t a t e  ( f o u r  e l e c t r o n s  on t and t w o  
on e - o r b i t a l s ) .  Therefore ,  w e  have g o t  much b e t t e r  agreement between 
theo ry  and experiment for 5E l e v e l s  t han  f o r  5T 
5 T2 s t a t e  i n t e r a c t  more s t r o n g l y  w i t h  Q 
Because 
3 
2 
4 2  The t - o r b i t a l s  a r e  directed 
Thus w e  can expec t  5E s t a t e s  ( t h r e e  e l e c t r o n s  
2 
l e v e l s .  2 
- 3 -  
4-3 
Opt ica l  S p e c t r a  of N i  i n  Gap. 
P o l y c r y s t a l l i n e  GaP was used i n  t h i s  s tudy.  N i c k e l  
was d i f f u s e d  a t  125OOC. The spectrum of n i c k e l  i n  GaP taken  a t  l i q u i d  
helium temperature  i s  shown i n  F ig ,  5. 
as a spectrum of a d conf igu ra t ion  i n  a t e t r a h e d r a l  f i e l d .  S i m i l a r  
The spectrum can be i n t e r p r e t e d  
8 
s p e c t r a  of N i + 2  i n  some 11-VI compounds were r epor t ed  by M. A. Weakliem 
[Ref. 41. 
t r o n s  and t h e  ground state according toHund ' s  r u l e  i s  3F. 
r ep lac ing  ga l l ium a s  an impuri ty  c o n t r i b u t e s  two 4s e l e c t r o n s  f o r  
bonding, l e a v i n g  a d conf igu ra t ion  and an u n f i l l e d  acceptor  l e v e l .  
A s  i n  t h e  case of i r o n  i n  Gap, t h e  t h i r d  e l e c t r o n  needed f o r  bonding 
The f r e e  n i c k e l  atom has a 4s 2 8  3d c o n f i g u r a t i o n  of elec- 
The n i c k e l  
8 
i s  probably taken from a shallow donor i f  the  concen t r a t ion  of such donors 
i s  of t h e  same o r d e r  as t h e  concen t r a t ion  of  n i c k e l  c e n t e r s .  
The energy l e v e l  diagram f o r  s ta tes  of t h e  d8 configu-  
r a t i o n  s p l i t  by a c r y s t a l  f i e l d  of t e t r a h e d r a l  symmetry and s p i n - o r b i t  
coupl ing i s  presented  i n  F ig .  6. The s t r o n g  abso rp t ion  c l o s e  t o  lCC, 
w e  a s s i g n  t o  t h e  t r a n s i t i o n  3A,( 3 F) + 3T1 (3P). The two peaks a t  
l m l m  and l . 2 W  are connected w i t h  t r a n s i t i o n s  3A1 + 3A2 ( 3 F) and 
1 
3Al -, 'T ( D) r e s p e c t i v e l y .  We a r e  no t  a b l e  t o  e x p l a i n  t h e  f i n e  2 
s t r u c t u r e  which i s  shown i n  Fig.  7. 
t h a t  t h e  3T 
allowed t r a n s i t i o n  i s  t o  t h e  lowest one, T2 . 
C r y s t a l  f i e l d  theo ry  p r e d i c t s  
3 
( P) l e v e l  i s  s p l i t  i n t o  f o u r  l e v e l s  and t h e  o n l y  symmetry 1 
The appearance of 
components w i t h  r e p r e s e n t a t i o n  o t h e r  t h a n  T2 v i o l a t e s  t h e  s e l e c t i o n  
Th i s  may be accomplished by  coupl ing  wi th  v i b r a t i o n a l  r u l e  A 
modes which cause t h e  forb idden  s t a t e s  t o  be mixed wi th  allowed ones 
-+ T2 . 1 
i n  h ighe r  o rde r .  Taking i n t o  account t h a t  t h e  ground s t a t e  i s  s p l i t  
- 4 -  
c 
by s p i n - a r b i t  coupl ing  and assuming t h a t  111 = 250 c m  -1 , w e  o b t a i n  
t h e  fo l lowing  p o s i t i o n s  of t h e  energy l e v e l s :  
3 3Tl( F) = 0 
3 3T ( P) = 9400 cm-' 1 
3A ( 3 F) = 8200 c m  -1 
2 
'T ( 1 D) = 6900 c m - l  
2 
We can ge t  t h e  b e s t  f i t  t o  Tanabe and Sugano diagrams 
-1 -1 assuming B = 400 c m  and Dq = 420 c m  . Comparing t h e  va lues  of 
B and Dq for N i + 2  i n  GaP +2 to  C o  i n  GaP [Ref. 61 w e  see t h a t  B is  
h igher  and Dq i s  smaller, This  i s  c o n t r a r y  t o  what w a s  observed i n  
+2 
some 11-VI compounds [Ref. 41 where t h e  va lue  for N i + 2  and Co 
were of t h e  same o r d e r  and t h e  va lue  of Dq f o r  N i t 2  w a s  always h ighe r  
4-2 than  f o r  C o  . To understand t h i s ,  w e  measured t h e  s p e c t r a  of c o b a l t  
i n  Gap, G a A s ,  CdTe and ZnTe a t  l i q u i d  helium temperatures .  
S p e c t r a  of C O + ~  i n  Semiconductors. 
Cobal t  was d i f fused  i n t o  CdTe and ZnTe f o r  12 hours  
a t  95OoC and i n t o  n-type GaAs and GaP f o r  24 hours  a t  l l O O ° C  and 
130OOC. 
showed two main abso rp t ions  which can be i n t e r p r e t e d  on t h e  b a s i s  of 
t r a n s i t i o n s  w i t h i n  t h e  d7 conf igura t ion .  
for  s ta tes  of t h e  d7 can f igu ra t ion  s p l i t  by a c r y s t a l  f i e l d  of tetra- 
hedra l  symmetry and sp in-orb i t  coupl ing  i s  shown i n  Fig.  8. There are 
4 4  4 4  4 4  4 4  two t r a n s i t i o n s ,  A2( F) TI( F) and A2( F) -+ T1( P) allowed by 
s p i n  and symmetry. 
The abso rp t ion  s p e c t r a  t aken  a t  l i q u i d  helium tempera tures  
The energy l e v e l  diagram 
4 
Both T1 l eve ls  are p red ic t ed  to  be s p l i t  by sp in -  
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o r b i t  coupl ing i n t o  f o u r  components. J u s t  beyond t h e  abso rp t ion  edge 
t h e r e  is  a s t r o n g  peak due t o  t h e  4A2( F) -, 4T ( P) t r a n s i t i o n  showing 
t h e  s t r u c t u r e  which is  more complicated than p red ic t ed  by s p i n - o r b i t  
s p l i t t i n g .  Th i s  peak f o r  CdTe: Co i s  shown i n  Fig.  9 for ZnTe: Co i n  
4 4 
1 
Fig .  11, f o r  Gap: Co i n  Fig.  12 and Fig.  13, and f o r  GaAs:  Co i n  Fig.  14. 
The spectrum for t h i s  t r a n s i t i o n  f o r  GaAs: Co i s  shown on an expanded 
s c a l e  i n  Fig.  15 because i t  is very  compressed compared t o  t h e  o t h e r s .  
Th i s  i n d i c a t e s  t h a t  t h e  i n t e r a c t i o n  of e l e c t r o n i c  o r b i t a l s  w i th  U 
bonding o r b i t a l s  has  a pronounced e f f e c t  on s p i n - o r b i t  s p l i t t i n g .  
F u r t h e r  i n t o  the i n f r a r e d ,  t h e r e  i s  another  abso rp t ion  
4 4  4 4  
due t o  t h e  A2( F) -, T ( F) t r a n s i t i o n .  
connected wi th  t h i s  t r a n s i t i o n  for CdTe: Co are shown i n  F ig .  10. The 
The two peaks A and B 1 
peak A w e  i n t e r p r e t  a s  a t r a n s i t i o n  t o  two components G and E of 
t h e  
by a c r y s t a l  fl,eld theory ,  The peak B i s  connected wi th  a t r a n s i t i o n  
t o  t h e  G(-3/2 Ih \  ) l e v e l .  
ZnTe: Co. They are shown i n  F ig .  11. The i n t e r p r e t a t i o n  is  e x a c t l y  
5/2 
4 4  T1( F) l e v e l ,  whose s p l i t t i n g  should be very  small as p red ic t ed  
S imi l a r  peaks t o  A and B are found i n  
t h e  same as f o r  CdTe: Co. Besides t h e s e  two peaks A and B, a t h i r d  
one C appears  f o r  Gap: Co and GaAs: Co. Th i s  one could be due t o  t h e  
4 4  
t r a n s i t i o n  t o  t h e  f o u r t h  component E of t h e  T1( F) l e v e l .  Th i s  
1/2 
assignment l e a d s  t o  anomalous l a r g e  s p i n - o r b i t  s p l i t t i n g  of  t h e  
4T1( F) l e v e l  - l a r g e r  than f r e e  i o n  sp in -o rb i t  s p l i t t i n g .  Th i s  w a s  
observed a l s o  for some 1 1 - V I  compounds (1, 4). The cause  of  t h i s  e f f e c t  
4 
i s  not  known. Table  I1 gives  t h e  energy of t h e  t r a n s i t i o n s  and t h e  
va lues  of B and Dq deduced from them. I n  GaAs:  Co probably t h e  break- 
down of t h e  c r y s t a l  f i e l d  approach i s  observed. No se t  of va lues  of 
B, Dq and 'R f i t  the spsctIY&Y. 
- 6 -  
I t  is  a l s o  poss ib l e  t h a t  ou r  f i t  t o  t h e  s p l i t  
4 4  
1 T ( F) l e v e l  i s  not  a co r rec t  one. M. A.  Weakliem [Ref. 4 1  observed 
t h a t  t h e  s e p a r a t i o n  between G and E i s  much h ighe r  t han  p red ic t ed  
by a c r y s t a l  f i e l d  theory.  The peak A can be connected wi th  t h e  G 
5/2 
component and t h e  peak B w i t h  t h e  E one, and t h e  peak C wi th  
G(-3/2 111 ) component of t he  4T1( F) l e v e l .  T h i s  assignment w i l l  
s h i f t  t h e  p o s i t i o n  of t h e  4T ( F) l e v e l  f u r t h e r  i n t o  t h e  i n f r a r e d  
between B and C peaks. I n  t h i s  case w e  can exp la in  t h e  spectrum of 
5/2 
4 
4 
1 
G a s :  Co w i t h i n  t h e  framework of t h e  c r y s t a l  f i e l d  theory.  The value 
B M 300 c m  and Dq -470  c m  w i l l  f i t  t h e  spectrum. Consequently, -1 -1 
t h i s  approach w i l l  a l s o  g ive  t h e  d i f f e r e n t  va lues  of B and Dq f o r  
c o b a l t  i n  Gap. The value B 450 c m  and Dq N" 420 c m  w i l l  f i t  -1 -1 
t h e  spectrum of Gap: Co. These va lues  are i n  b e t t e r  agreement wi th  
t h e  va lues  f o r  B and Dq f o r  n i c k e l  i n  Gap. Without a d d i t i o n a l  
experiments i t  i s  no t  poss ib l e  t o  dec ide  which of t h e s e  two explana- 
t i o n s  i s  t h e  c o r r e c t  one. 
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FIGURE CAFTIONS 
The s p l i t t i n g  of the  ground s t a t e  5E by sp in -o rb i t  
coupl ing of t h e  second o rde r  and by the  a x i a l  f i e l d  b 
i n  t h e  <111> d i r e c t i o n  ca l cu la t ed  f o r  Dq = 282 c m  
and h = -95 c m  . The f i t  wi th  observed peaks i s  ind ica t ed  
by arrows. 
Absorption spectrum of CdS: Fe a t  l i q u i d  helium temperature.  
CdS: Fe expanded absorpt ion i n  t h e  2550 c m  region.  
-1 
-1 
-1 
Absorption spectrum of GaAs:  Fe a t  l i q u i d  helium temperature.  
Absorption spectrum of Gap: N i  a t  l i q u i d  helium temperature.  
Energy leve l  diagram f o r  s t a t e s  of t h e  d conf igu ra t ion  i n  a 
c r y s t a l  f i e l d  of t e t r a h e d r a l  symmetry. 
Gap: N i  expanded absorpt ion i n  t h e  1p region a t  l i q u i d  
helium temperature.  
Energy l e v e l  diagram f o r  s t a t e s  of t h e  d 7  conf igu ra t ion  i n  
a c r y s t a l  f i e l d  of t e t r a h e d r a l  symmetry. 
8 
CdTe: Co Expanded absorpt ion connected with the  t r a n s i t i o n  
4 4  4 
A2( F) + 4T ( P) a t  l i q u i d  helium temperature.  1 
CdTe: Co absorpt ion connected with t h e  t r a n s i t i o n  
4 4  4 
A2( F) + 4T ( F) a t  l i q u i d  helium temperature.  1 
Absorption spectrum of ZnTe: Co a t  l i q u i d  helium temperature.  
Absorption spectrum of Gap: Co a t  l i q u i d  helium temperature.  
Gap: Co expanded absorpt ion connected wi th  t h e  t r a n s i t i o n  
4 4  4 
A2( F) + 4T ( P) a t  l i q u i d  helium temperatum. 1 
Absorption spectrum of G a A s :  C o  a t  l i q u i d  helium temperature.  
GaAs:  Co expanded absorpt ion connected wi th  t h e  t r a n s i t i o n  
4 4  4 
Az(  F) -$ 4T ( P) a t  l i q u i d  helium temperature.  1 
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a -  
Host 4A,(4F) 4T1(4F) 4T1(4P) BLcm-l] 
CdTe 0 5400cm-1 1 1 1 5 0 ~ m - ~  485 
ZnTe 0 5100cm-1 1 1 0 5 0 ~ m - ~  460 
G aP 0 7 9 0 0 ~ m - ~  1 2 3 0 0 ~ m - ~  290 
GaAs 0 8 1 0 0 ~ m - ~  1 1 4 0 0 ~ m - ~  
1 
TABLE I 
The sp in -o rb i t  coupl ing  parameter A ob ta ined  from t h e  s p e c t r a  
and width of t h e  absorp t ion  band connected wi th  t h e  t r a n s i t i o n  
% ‘ 5 T .  
DqLcm-ll 
315 
33 5 
540 
CdTe 
ZnTe 
ZnSe 
CdS 
G aP 
GaAs 
50 
50 
88 
95 
87  
86 
Width of t h e  abso rp t ion  ba 
connected wi th  t r a n s i t i o n  
580 cm-l 
-1 530 cm 
780 cm-l 
1000 c m - l  
750 c m - l  
1000 c m - l  
TABLE I1 
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The purpose of t h i s  p r o j e c t  i s  t o  s tudy  t h e  p repa ra t ion  
and c h a r a c t e r i z a t i o n  of r e c t i f y i n g  j u n c t i o n s  i n  GaP and G a A s  P 
I n  p a r t i c u l a r ,  w e  wish t o  relate t h e  s t r u c t u r e  of t h e  crystals  t o  t h e  
x 1-x' 
e l e c t r i c a l  p r o p e r t i e s  of t h e  junc t ions .  T h i s  q u a r t e r  our  s tudy  of 
imper fec t ions  i n  s i n g l e  c r y s t a l s  of ga l l ium phosphide has  been con- 
t inued .  C r y s t a l s  have been s tudied  wi th  t h e  o p t i c a l  microscope, wi th  
some new chemical e t chan t s ,  and wi th  Lang topography. 
A .  Observat ion wi th  an Opt ica l  Microscope. 
A pol ished crystal  of GaP appears  q u i t e  homogeneous t o  
t h e  naked eye. I t  looks much l i k e  a p i ece  of orange colored g l a s s .  
When such a c r y s t a l  i s  examined i n  an o p t i c a l  microscope, however, 
small  imperfec t ions  may o f t e n  be found. To examine t h e s e  d e f e c t s ,  a 
c r y s t a l  has  been observed i n  an o p t i c a l  microscope with t r ansmi t t ed  
l i g h t .  When a d e f e c t  was loca ted ,  s e v e r a l  photographs were taken. A l l  
photographs were taken  without moving t h e  c r y s t a l ,  except  t h a t  each 
photograph was focused a t  a d i f f e r e n t  depth  i n s i d e  t h e  c r y s t a l .  The 
c r y s t a l  was then e tched  i n  our u s u a l  d i s l o c a t i o n  e t chan t  
(8g K3Fe(CN)6: 12g KOH: l O O g  H20),  and a f i n a l  p i c t u r e  was taken  of  
t h e  e t c h  p a t t e r n .  
The information from t h e  photographs can be used t o  
determine t h e  locus  of  t h e  de fec t .  I t  t u r n s  ou t  t o  be a l i n e  t h a t  
* 
NSF Fellow 
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l i e s  i n  one of t h e  (1111 planes t h a t  i n t e r s e c t s  t h e  s u r f a c e  a t  an 
angle  of 70° 32'. To d e f i n e  a coord ina te  system, c a l l  t h e  s u r f a c e  
(111) , and t h e  plane of  t h e  d e f e c t  (171). 
running i n  t h e  [112] 
Then t h e  d e f e c t  l i n e  i s  
d i r e c t i o n  and l y i n g  i n  t h e  (111) plane.  
The l i n e  of t h e  d e f e c t  emerges from t h e  c r y s t a l  
about midway between two e t ch  p i t s  t h a t  are 7pm a p a r t .  The po in t  
of emergence i t s e l f ,  however, i s  not  marked by an e t c h  p i t .  A s  y e t ,  
t h e  exac t  n a t u r e  of t h i s  l i n e  d e f e c t  i s  not  known. 
B. Etching.  
The dominant imperfec t ions  i n  t h e  GaP c r y s t a l s  grown 
a t  t h i s  l a b o r a t o r y  a r e  t w o  dimensional d e f e c t s  t h a t  are p a r a l l e l  t o  
(111) planes.  Our usua l  d i s l o c a t i o n  e t chan t  r e v e a l s  t h e s e  d e f e c t s  
by making grooves where these  d e f e c t s  i n t e r s e c t  t h e  (111)Ga s u r f a c e s  
of t h e  c rys ta l s .  To see i f  o t h e r  chemicals  w i l l  mark these d e f e c t s  
d i f f e r e n t l y ,  t h e  e f f e c t s  of s e v e r a l  o t h e r  common e t c h a n t s  have been 
examined. These e t c h a n t s  a re  l i s t e d  i n  Table  I,  and t h e i r  e f f e c t s  
a r e  summarized the re .  
E tchan t s  #7 and #8 are of s p e c i a l  i n t e r e s t .  Both of 
them appear t o  be good d i s l o c a t i o n  e t chan t s .  E tchant  8 7  makes etch 
grooves s i m i l a r  t o  t h e  ones made by our  usua l  e t chan t :  A l l  of t h e  
grooves have smooth bottoms. On t h e  o t h e r  hand, some of t h e  grooves 
produced by e t chan t  #8 have p i t s  a t  random i n t e r v a l s  a long t h e i r  
bottoms. Th i s  i s  t h e  f i rs t  evidence t o  sugges t  t h a t  t h e  grooves may 
a c t u a l l y  be rows of e t c h  p i t s  t h a t  are so c l o s e  t o g e t h e r  t h a t  i n -  
d i v i d u a l  p i t s  cannot be resolved.  T h i s  would i n d i c a t e  sets of 
p a r a l l e l ,  very  c l o s e l y  spaced d i s l o c a t i o n s .  
- 2 -  
Etchan t s  #1 and #2 are a l s o  of i n t e r e s t  s i n c e  they 
p o l i s h  t h e  (111)P f a c e s  of t h e  c r y s t a l s .  
them u s e f u l  f o r  t h i n n i n g  GaP c r y s t a l s  by t h e  j e t  technique  descr ibed  
by Booker and S t i c k l e r  [Ref. 11. 
t echnique  have revea led  two d i f f i c u l t i e s :  F i r s t ,  t h e  e t c h  grooves 
tend t o  appear on  t h e  (111)P f a c e s  so t h a t  t h e  p o l i s h  is  n o t  p e r f e c t .  
Second, i f  t h e  s u r f a c e  formed by t h e  j e t  a c t i o n  becomes t o o  concave, 
p i t s  tend t o  form. However, i f  these d i f f i c u l t i e s  can be  overcome, 
and i f  a s u i t a b l e  method f o r  p o l i s h i n g  t h e  (111)Ga f a c e  of GaP can 
b e  found, i t  w i l l  be poss ib l e  t o  prepare  samples t h a t  can be observed 
i n  t h e  t ransmiss ion  e l e c t r o n  microscope. An e l e c t r o n  microscope 
examination of GaP would revea l  t h e  d e f e c t  s t r u c t u r e s  e a s i l y  and wi th  
g r e a t  r e so lu t ion .  
C. Lang Topography. 
T h i s  p rope r ty  may make 
I n i t i a l  e f f o r t s  t o  use t h e  j e t  
I n  t h e  previous q u a r t e r l y  r e p o r t  [Ref. 21 it was 
observed t h a t  x-ray topography [Ref. 31 is  d i f f i c u l t  t o  perform i n  
e p i t a x i a l  GaP because t h e r e  are  so many d i s l o c a t i o n s  and so much 
s t r a i n  i n  such Gap. The images of a l l  t h e  va r ious  s t r a i n  f i e l d s  
over lap ,  and no d i s t i n c t  images can be resolved.  
c u l t y ,  t h e  c r y s t a l  t h i ckness  was reduced t o  about l0Wm. A l s o ,  t h e  
c r y s t a l  was etched t o  r e v e a l  d i s l o c a t i o n s ,  and f i n a l l y  i t  w a s  annealed i n  
vacuum a t  350 C f o r  one hour;  t h e  annea l ing  process  i s  known t o  remove 
s t r a i n  caused by s u r f a c e  damage from s i l i c o n  [Ref. 41. 
To reduce t h i s  d i f f i -  
0 
Two topographs of t h e  c r y s t a l  were taken,  one be fo re  e t c h i n g  
and one a f t e r  anneal ing.  Both used r e f l e c t i o n s  from (110) planes,  
and both exposures  were f o r  four  hours. The topograph taken  be fo re  
- 3 -  
annea l ing  revea led  a f e w  imperfect ions,  but  most of t h e  p i c t u r e  was 
obscured. The topograph taken a f t e r  annea l ing  was no t i ceab ly  b e t t e r  
although t h e r e  were s t i l l  many clouded areas. Th i s  i s  i n t e r e s t i n g  
s i n c e  t h e  s t r a i n  p a t t e r n s  revealed by b i r e f r i n g e n c e  are no t  no t i ceab ly  
changed by anneal ing.  
Many l i n e  d e f e c t s  a r e  revea led  by t h e  topograph t h a t  
was taken  a f t e r  anneal ing.  They a l l  run  i n  <ll@ d i r e c t i o n s ,  and 
they  correspond t o  t h e  grooves made by e tch ing .  The topograph also 
revea led  t h a t  t h e  sample contained a subgra in  boundary o r  something 
s imi l a r ,  s i n c e  not  a l l  of the sample produced a p i c t u r e  t h a t  w a s  i n  
c o n t r a s t .  
C r y s t a l  p repara t ion  procedures must be improved before  
much more informat ion  can be learned  from t h e  Lang topography technique.  
However, once t h e  technique  i s  pe r fec t ed ,  i t  w i l l  allow r e s o l u t i o n  of 
d i s l o c a t i o n s  ( i f  they  are not t o o  dense),  s t a c k i n g  f a u l t s ,  and twins.  
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The purpose of t h i s  p r o j e c t  i s  t o  s tudy  t h e  behavior  
of shal low donors i n  ga l l ium phosphide. I n  p a r t i c u l a r  S, Se, and Te  
w i l l  be d i f f u s e d  i n t o  GaP t o  determine s o l u b i l i t i e s  and d i f f u s i o n ,  
parameters.  T h i s  in format ion  w i l l  be u s e f u l  i n  d e l i n e a t i n g  t h e  
p r o p e r t i e s  of GaP doped wi th  these  shal low donor i m p u r i t i e s .  
C r y s t a l  Growth 
During t h e  pas t  q u a r t e r ,  t h r e e  more ga l l ium phosphide 
c r y s t a l s  were grown by t h e  open-tube e p i t a x i a l  method developed a t  
t h i s  l abora to ry .  These c r y s t a l s  were c h a r a c t e r i z e d  by very smooth 
and sh iny  growth (111 gallium) f a c e s ,  and by t h e  complete absence of 
t h e  G a A s  seed a f t e r  growth. The p r i n c i p a l  d i f f e r e n c e s  i n  growth 
c o n d i t i o n s  from previous  runs were a 10% lower hydrogen flow through 
t h e  pC1 
and a lower temperatyre  for the ga l l ium source  (928OC i n s t e a d  of t h e  
prev ious  950-970 C) . 
bubbler  (45 cc/min) with t o t a l  f law kept  cons t an t  (150 cc/min), 3 
0 
Pre l iminary  e l e c t r i c a l  measurements of one of t h e  
c r y s t a l s ,  however, i n d i c a t e  an extremely low H a l l  m o b i l i t y  of approx- 
imate ly  10  cm /v-sec ( r e s i s t i v i t y  was 50 ohm-cm). S ince  t h e  c leavage  2 
of t h e  c r y s t a l s  seem t o  i n d i c a t e  s i n g l e - c r y s t a l  m a t e r i a l ,  t h i s  low 
m o b i l i t y  may be due t o  poor alloyed c o n t a c t s ,  or t o  t h e  presence of 
compensating i m p u r i t i e s .  
* 
NSF Fellow 
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RADIOTRACER CONSIDERATIONS 
The s p e c i f i c  a c t i v i t y  of t h e  r a d i o t r a c e r  t o  be used i n  
an experiment i s  determined by s e v e r a l  f a c t o r s .  
1) The a c t i v i t y  must be s u f f i c i e n t l y  above t h e  back- 
ground count t o  g ive  t h e  required accuracy. 
2) The a c t i v i t y  must not  be so  h igh  as t o  cause over- 
l oad ing  of t h e  counter ,  or t o  pose a s e r i o u s  h e a l t h  or s a f e t y  hazard.  
The r e l a t i o n  between experimental  q u a n t i t i e s  such as 
r a d i o a c t i v e  counts  pe r  minute (CPM) and sample s i z e ,  and t h e  para- 
meters w e  w i s h  t o  determine, such a s  s o l u b i l i t y  of an impur i ty  i n  a 
hos t  l a t t i ce ,  is  given by: 
3 3 CPM = 7 DPM =T( a(mc/mg) x C(atoms/cm ) x A t . W t .  x Vol.(cm ) 
-12 x 3.69 x 10 
where CPM = counts  p e r  minute from a sample as i n d i c a t e d  by 
a p a r t i c u l a r  counter  
DPM = atomic d i s i n t e g r a t i o n s  pe r  minute i n  t h e  sample 
7 = count ing e f f i c i e n c y  = t h e  r a t i o  between t h e  
a c t u a l  number of  d i s i n t e g r a t i o n s  and t h e  r e g i s -  
t e r e d  counts ;  a combination of geometr ica l  f a c t o r s  
and t h e  energy of r a d i a t i o n  being counted. 
a = s p e c i f i c  a c t i v i t y  of t h e  impur i ty  being used , in  
m i l l i c u r i e s  p e r  m i l l i g r a m  
C = concent ra t ion  of i m p u r i t i e s  i n  t h e  sample being 
measured 
A t . W t . =  atomic weight of impur i ty  
Vol. = volume of sample be ing  measured 
The formula above can be used t o  so lve  for t h e  approxi-  
mate a c t i v i t y  o f  r a d i o t r a c e r  needed. Suppose w e  ask for a 10% count- 
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i n g  accuracy when a background count of 2O/minute e x i s t s .  Th i s  
r e q u i r e s  200 cpm from t h e  sample i t s e l f .  For a sample s i z e  wi th  an 
0.2" d i s c ,  an incrementa l  l ap  of 2.5 microns,  a concen t r a t ion  of 10 / c m  , 
and s p e c i f i c  a c t i v i t y  o f  sulfur-35 impur i ty  of 1 mc/mg, t h e  CPM 
r e g i s t e r e d  w i l l  be approximately 300. For count ing  e f f i c i e n c y ,  t h e  
va lue  5 x 10 has  been used  a s  determined from an independent exper i -  
ment w i th  a commercial carbon-14 s tandard  (which has  a b e t a  energy 
approximately t h e  same as tha t  of t h e  sulfur-35)  i n  t h e  Baird Atomic 
P ropor t iona l  Counting Chamber. 
19 3 
-3 
Sul fur -35  of high s p e c i f i c  a c t i v i t y  (1 mc/mg) has been 
ordered and w i l l  be a v a i l a b l e  next  q u a r t e r  f o r  f u r t h e r  work. 
Radioac t ive  Di f fus ions  
Radioac t ive  su l fur -35  has  been d i f f u s e d  i n t o  s i n g l e -  
c r y s t a l  GaP samples i n  t h e  presence of phosphorus vapor t o  determine 
d i f f u s i o n  t i m e s  and temperatures  requi red  i n  f u t u r e  experiments.  
D i f fus ion  p r o f i l e s  have been obtained us ing  s tandard  l app ing  techniques .  
A c a l i b r a t i o n  s tandard  made from t h e  same benzene-sulfur  s o l u t i o n  used 
i n  t h e  d i f f u s i o n  experiments  permits  an abso lu te  de te rmina t ion  of 
s u l f u r  s o l u b i l i t i e s  i n  Gap. 
Experimental  Procedure 
Gallium phosphide samples are lapped, mechanical ly  
pol i shed ,  cleaned i n  t h e  u l t r a s o n i c  c l eane r ,  degreased,  and s t o r e d  i n  
methanol. 
f o r  approximately 10  minutes. 
The q u a r t z  ampoules used a r e  "torched out"  under vacuum 
Next, t h e  r ad ioac t ive  s u l f u r  i n  benzene s o l u t i o n  i s  
p i p e t t e d  i n t o  t h e  ampoule, and t h e  benzene evaporated by pass ing  a 
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s t r e a m  of  d r y  n i t rogen  over  t h e  l i q u i d  whi le  hea t ing  t h e  benzene 
vapor wi th  an i n f r a r e d  lamp o r  a h e a t i n g  tape .  
The des i r ed  amount of phosphorus i n  placed i n  t h e  
ampoule along wi th  t h e  GaP sample. The ampoule i s  sea l ed  a t  a vacuum 
of about 10 t o r r .  S ince  s u l f u r  is q u i t e  v o l a t i l e ,  i t  i s  d e s i r a b l e  
t o  seal  t h e  ampoule a s  qu ick ly  a s  p o s s i b l e  wi th  a m i n i m u m  of hea t .  
Wrapping a w e t  a sbes tos  pad around t h e  ampule i s  h e l p f u l  i n  keeping 
t h e  s u l f u r  c o o l ,  
-3 
Afte r  d i f f u s i o n ,  t h e  ampoules are quenched i n  water. 
The samples a r e  weighed t o  eva lua te  any weight loss t h a t  may have 
occured. Before lapping  t o  o b t a i n  t h e  d i f f u s i o n  p r o f i l e ,  t h e  samples 
are boi led  i n  benzene t o  remove any excess  s u l f u r  t h a t  may have 
condensed du r ing  quenching. 
ou t  wi th  an u l t r a s o n i c  t o o l  t o  e l i m i n a t e  edge d i f f u s i o n .  
C i r c u l a r  d i s c s  0.2" i n  d i a m e t e r  are c u t  
The d i f f u s i o n  p r o f i l e s  and important  parameters of t h e  
two r a d i o t r a c e r  d i f f u s i o n s  done t h i s  q u a r t e r  a r e  given i n  F igs .  1 
and 2 and i n  Table  1. The d i f f u s i o n  cond i t ions  are e s s e n t i a l l y  t h e  
same except  t h a t  d i f f u s i o n  R-2 i s  a t  1200 C f o r  24 hours,  and R - 3  i s  
a t  1150OC f o r  48 hours.  
mate only,  s i n c e  no p a r t i c u l a r  c a r e  was taken, f o r  example, i n  
measuring ampoule volumes, and g raph ica l  i n t e r p o l a t i o n s  were made i n  
ob ta in ing  vapor pressures .  
0 
The numbers g iven  should be taken  a s  approxi- 
The r e s u l t s  obtained f o r  d i f f u s i o n  cons t an t  and so lu -  
b i l i t y  of s u l f u r  i n  Gap a r e  summarized i n  Table  11. These were 
obtained by a l ea s t -qua res  f i t  of t h e  canplementary e r r o r  func t ion  t o  
t h e  experimental  p o i n t s .  Since t h e  a c t i v i t y  of t h e  su l fu r -35  was 
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q u i t e  low (about 50 microcuries/mg),counting e r r o r s  were r a t h e r  l a rge .  
Seve ra l  experimental  d i f f i c u l t i e s  should perhaps be 
One is  t h e  e r r o r  introduced by 'I mentioned he re  b r i e f l y .  
l app ing  of t h e  samples a f t e r  d i f f u s i o n .  The e f f e c t  of t h i s  e r r o r  i s  
t o  in t roduce  u n c e r t a i n t y  as t o  t h e  t r u e  s o l u b i l i t i e s ,  s i n c e  t h e  d i f f u -  
s i o n  f r o n t s  and t h e  lapped su r face  a r e  no longer  p a r a l l e l .  Th i s  
e r r o r  can be accounted f o r  t o  some ex ten t  i n  t h e  manner d iscussed  by 
Sh i rn ,  Wadja, and Huntington, 
wedging" du r ing  
1 
U s e  of a rubber pad mounted on t h e  aluminum lapping  
bu t ton  along wi th  t h e  samples was very  success fu l  i n  e l i m i n a t i n g  
t h e  wedging when a s i l i c o n  sample was used. However, a t tempts  t o  
use t h i s  method wi th  gal l ium phosphide samples were no t  as succss6 fu l  
as t h e  samples cracked whi le  be ing  lapped. U s e  of a ha rde r  rubber  pad 
may prove t o  be b e n e f i c i a l .  
A second experimental  cons ide ra t ion  i s  t h e  su r f  ace 
d e t e r i o r a t i o n  of t h e  sample. I n  t h e  d i f f u s i o n s  done t h i s  q u a r t e r  
w i th  f u l l  s i z e  (1/4" square) samples, t h e  fo l lowing  obse rva t ions  were 
made: 
Thel'equivalent s u r f  ace loss" f o r  t h e s e  samples w a s  less 
than  t h a t  observed f o r  t h e  much smaller samples f o r  which pre l iminary  
r e s u l t s  were repor ted  l a s t  qua r t e r .  
However, one f a c e  o f  t h e  samples was q u i t e  rough, and 
d a t a  from t h i s  s i d e  gave meaningless r e s u l t s .  The second f a c e  w a s  
g e n e r a l l y  q u i t e  smooth and shiny. Data from t h i s  s i d e  was used i n  
o b t a i n i n g  t h e  r e s u l t s  reported e a r l i e r  i n  t h i s  r e p o r t .  
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S - m a r v  
I n  summary, s e v e r a l  d i f f u s i o n s  have been made with 
r a d i o t r a c e r  su l fu r -35  i n  o rde r  t o  o b t a i n  estimates of d i f f u s i o n  co- 
e f f i c i e n t s  and impur i ty  s o l u b i l i t i e s  a s  an a i d  i n  f u t u r e  d i f f u s i o n  
experiments.  The d i f f u s i o n  c o e f f i c i e n t s  ob ta ined  were q u i t e  smal l ,  i n  
t h e  range 10 t o  10 cm /sec, a s  i s  g e n e r a l l y  found f o r  s u b s t i t u -  -11 -12 2 
t i ona l - type  d i f f u s i o n  mechanisms. Seve ra l  experimental  d i f f i c u l t i e s  - 
t h e  low s p e c i f i c  a c t i v i t y  of t h e  t r a c e r  used, wedging i n  t h e  lapping 
process ,  and s u r f a c e  d e t e r i o r a t i o n  should be considered when r e s u l t s  
are examined. Higher s p e c i f i c  a c t i v i t y  (1 mc/mg) s u l f u r  has  been 
ordered which should enable  s h o r t e r  d i f f u s i o n  t i m e s  and consequent 
l e s s e n i n g  of s u r f a c e  d t e r i o r a t i o n .  
Seve ra l  goals  f o r  next  q u a r t e r  w i l l  be - work on t h e  
r e p r o d u c i b i l i t y  of r e s u l t s ,  t i m e  dependence of  t h e  apparent  s u r f a c e  
concen t r a t ion  ( s o l u b i l i t y ) ,  and constancy of  t h e  vapor p re s su res  i n  t h e  
ampoule du r ing  d i f f u s i o n .  
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FIGURE CAPTIONS 
Figure  1 - Dif fus ion  p r o f i l e  of s u l f u r  i n  GaP c r y s t a l  R-2. V e r t i c a l  
l i n e s  i n d i c a t e  s tandard  dev ia t ion .  
F igu re  2 - Dif fus ion  p r o f i l e  of s u l f u r  i n  G a P  c r y s t a l  R-3. 
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Table  I - Dif fus ion  Parameters 
1 Dif fuss ion  R-2 R - 3  
D i f fus ion  Temp. 1201OC 1143OC 
Di f fus ion  Time 24 hours 48 hours 
Ampoule Volume 1.48 m l .  1.48 m l .  
W t .  GaP(before d i f fus ion )  67.155 mg. 29.529 mg. 
W t .  GaP(after d i f f u s i o n )  66.661 mg. 29.284 mg. 
W t .  Loss 0.494 mg. 0.245 mg. 
- 
% W t .  Loss 0.75% 0.85% 
Equiva len t  Surf ace Loss 3 microns 1.5 microns 
W t .  S u l f u r  15 micrograms 15 micrograms 
S u l f u r  Densitv 10 micrograms/ml. 10 micrograms/ml. 
S P res su re  
I 2  
* -2 * 
1.7  x 10 ATM -2 1.8 x 10 ATM 
W t  . Phosphorus 685 micrograms 649 micrograms 
PhosPhorus Densitv 464 micrograms/ml. 444 micrograms/ml 
P2 P res su re  4 x 10-1 ATM 3.8 x 10-1 ATM I 
P Pressure  1.9 x 10-1 ATM 1.8 x 10-1 ATM 
4 
Sample Thickness 15 m i l s  7 m i l s  
Vacuum 5 x t o r r  5 x t o r 4  
* 
Analysis of t h e  amount of s u l f u r  i n  t h e  GaP a f t e r  d i f f u s i o n  was s i g n i -  
f i c a n t  i n  r e l a t i o n  t o  t h e  t o t a l  amount placed i n  t h e  ampoule. Thus 
t h e  s u l f u r  vapor p re s su re  changed du r ing  d i f f u s i o n  (by a f a c t o r  of 
2 or more). 
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Table  I1 
Dif fus ion  Constant  (D) and Sur face  Concentration(N ) of S u l f u r  i n  
G a l l i u m  Phosphide* (Prel iminary Only). 
S 
Ns 
2 
D i f fus ion  Temperature D(cm /-sec) 
-11 20 R-2 1201OC 1.2 x 10 1.2 x 10 
R-3 1143OC 4 x 10-l2 ** 2.1 x 1O2O** 
1.3 x 3.7 x lo2'*** 
* 
Dif fus ion  cond i t ions  given i n  Table  I.  
** 
Using only  5 p o i n t s  on d i f f u s i o n  p r o f i l e .  
Using a l l  7 p o i n t s  on d i f f u s i o n  p r o f i l e .  
*** 
The p resen t  program f i t s  a curve  through. 
[ s u l f u r  concen t r a t ion ]  vs .  x whereas i t  should 
r e a l l y  make a least  squares  f i t  o f .  
l o g  [ s u l f u r  concent ra t ion]  vs. x i n  o r d e r  no t  
t o  weight errors near t h e  s u r f a c e  so heavi ly .  
c 
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